UPF1 (up-frameshift 1) is a protein conserved in all eukaryotes that is necessary for NMD (nonsensemediated mRNA decay). UPF1 mainly localizes to the cytoplasm and, via mechanisms that are linked to translation termination but not yet well understood, stimulates rapid destruction of mRNAs carrying a PTC (premature translation termination codon). However, some studies have indicated that in human cells UPF1 has additional roles, possibly unrelated to NMD, which are carried out in the nucleus. These might involve telomere maintenance, cell cycle progression and DNA replication. In the present paper, we review the available experimental evidence implicating UPF1 in nuclear functions. The unexpected view that emerges from this literature is that the nuclear functions primarily stem from UPF1 having an important role in DNA replication, rather than NMD affecting the expression of proteins involved in these processes. Our bioinformatics survey of the interaction network of UPF1 with other human proteins, however, highlights that UPF1 also interacts with proteins associated with nuclear RNA degradation and transcription termination; therefore suggesting involvement in processes that could also impinge on DNA replication indirectly.
Introduction
UPF1 (up-frameshift 1) is a DNA and RNA helicase, and is well known for having a key role in NMD (nonsensemediated mRNA decay) [1, 2] . NMD functions as an mRNA surveillance mechanism that rapidly destroys mRNA transcripts containing a PTC (premature translation termination codon), thereby preventing expression of potentially toxic truncated proteins [3] [4] [5] . NMD is an important mechanism in eukaryotic cells; in humans, failure to detect and degrade mRNAs containing a PTC has been linked to numerous recessively inherited diseases [6] . As we have reviewed previously [7] , the mechanism of NMD is not yet well understood and in fact there might be alternative explanations for the instability of different PTC-containing mRNA. However, it is clear that deletions of specific proteins can suppress NMD. Three of these proteins are highly conserved from yeast to humans; these are UPF1, UPF2 and UPF3 [8] . The UPF proteins were initially discovered in Saccharomyces cerevisiae and later in higher eukaryotes [9] . UPF1 is known to interact with both UPF2 and UPF3, and, apart from a few exceptions, this interaction is necessary for NMD [10, 11] . In higher organisms, such as Caenorhabditis elegans, Drosophila melanogaster and humans, additional proteins are required for efficient NMD: these include the SMG (suppressor with morphogenetic effect on genitalia) proteins initially identified by genetic screens in C. elegans [12] . SMG1-SMG7, with the exception of SMG7, are conserved across the multicellular organisms studied [5] . SMG2, SMG3 and SMG4 correspond to UPF1, UPF2 and UPF3 respectively. SMG8 and SMG9 are reported to regulate remodelling of the mRNA surveillance complex, which is predicted to assemble or be activated upon translation termination at NMD-inducing PTCs [13] .
The UPF1 protein, apart from playing a key role in NMD, which many studies, but not all, have concluded is restricted to the cytoplasm [7, [14] [15] [16] , might participate in nuclear functions unrelated to NMD. In the present paper, we review the evidence linking UPF1 to non-NMD functions, particularly focusing on possible direct roles within the nucleus that could explain the observations that UPF1 mutants or RNAi (RNA interference)-depleted cells display abnormalities in cell cycle progression, DNA replication and telomere maintenance.
UPF1 role in cell cycle progression and DNA replication
UPF1, similarly to UPF2 and UPF3, is not essential for the viability of yeast and C. elegans [9, 12, 17] ; however, it is essential in Drosophila, zebrafish, mouse and human cells [18] [19] [20] [21] . An important issue is whether the essential requirement for UPF1 is due to its role in NMD or instead due to misregulation of mRNA abundance of essential genes. Depletion of both UPF1 and UPF2 in Drosophila S2 cells leads to cell cycle arrest, and misexpression of 15 mRNAs involved in cell cycle progression and DNA repair [22] . In human cells only depletion of UPF1 inhibits the cell cycle [19, [22] [23] [24] . Depletion of UPF1 in HeLa cells also altered the transcript levels of 25 genes linked to the cell cycle; however, there is no evidence that any of these changes can cause the observed cell cycle defects [25] . Instead, a study from Azzalin and Lingner [23] has concluded that UPF1 has a direct role in DNA replication in human cells. It was reported that depletion of UPF1 caused an arrest in early S-phase; cells were able to initiate DNA replication, however, progression and subsequent completion of replication was unable to occur, leading to an ATR (ataxia telangiectasia mutated-and Rad3-related)-dependent DNA damage response [23] . This study also reported that the association of anti-PCNA (anti-proliferating cell nuclear antigen) with replication forks also increased upon UPF1 depletion, consistent with a problem with the progression of DNA replication machinery [23] . A key observation of the study was that UPF1 co-immunoprecipitates with p125, the catalytic subunit of DNA polymerase δ; indicative of a direct, RNA-independent, physical interaction between UPF1 and polymerase δ. An earlier study had also reported that UPF1 and DNA polymerase δ co-purify together from bovine thymus tissue [26] . Consistent with involvement in DNA replication, the association of UPF1 with chromatin is cell-cycle-dependent. Levels of chromatin-bound UPF1 remained low in mitosis and early G 1 , increasing mid G 1 and reaching highest enrichment in S-phase, before diminishing upon S-phase exit [23] . Notably, ATR-dependent chromatin loading of UPF1 is directly regulated by the ATR kinase, which probably directly phosphorylates UPF1. When ATR was depleted, UPF1 binding to the chromatin was impaired, whereas NMD remained unaffected. An issue is that UPF1 is known to interact with the UPF2, yet, as mentioned above, human cells depleted in UPF2 progressed normally through the cell cycle even though NMD was inhibited by UPF1 depletion. Perhaps, UPF1 assembles into two distinguishable complexes; in the first, UPF1 physically interacts with UPF2 to perform functions in NMD; in the second, UPF1 physically interacts with the catalytic subunit of polymerase δ to perform DNA synthesis [23] . It is feasible that the DNA helicase activity of UPF1 assists DNA polymerase δ in facilitating fork progression through a direct protein-protein interaction with the polymerase.
The results of Azzalin and Lingner [23] would explain why UPF1 is essential in human cells. The conclusion is that the abnormalities associated with mutations in UPF1 could be mainly due to a failure in DNA replication rather than an indirect consequence of altering the mRNA abundance of genes involved in cell cycle progression and growth [18, 22] .
UPF1 and other NMD factors have a direct role at telomeres
Telomeres are heterochromatic structures located at the termini of linear chromosomes. Their role is to compensate for incomplete semi-conservative DNA replication and to protect the ends of chromosomes from nuclease trimming [27] . In yeast, telomeres cover an average of 350 bp; however, in other organisms, telomeres can exceed several kilobases; in mammalian cells they are composed of characteristic non-coding TTAGGG repeats. The last repeat ends with a single-strand 3 overhang that is extended by the reverse transcriptase activity of telomerase, synthesizing additional TTAGGG repeats, using a cRNA template that is an integral component of telomerase [28] . These telomeric repeats are bound by a specific multi-protein complex, shelterin, that protects the chromosome ends from DNA repair mechanisms, which normally repair internal DSBs (double-stranded DNA breaks).
The first indication that NMD factors might be involved in telomere maintenance was the observation that mutations in UPF1, UPF2 and UPF3 in yeast led to shortening of telomeres [29, 30] . In particular, it was reported that NMD mutants had increased levels of mRNAs encoding genes involved in telomere maintenance, including the telomerase catalytic subunit (Est2p), regulators of telomerase (Est1p, Est3p and Stn1p) and proteins involved in the regulation of telomeric chromatin structure (Sas2p and Orc5p) [29] . The conclusion of these early studies was that NMD factors affect telomere maintenance indirectly by regulating the expression of proteins which function at telomeres. Similar studies in mammalian cells did not detect changes in the level of mRNA encoding telomeric proteins [25] . However, a later study reported that the yeast telomerase regulator Est1p is the homologue of the wellcharacterized NMD protein SMG6 found in multicellular organisms [31] [32] [33] [34] . The Est1p/EST1A/SMG6 protein makes different contacts with telomere components; it binds the telomerase RNA, single-stranded telomeric DNA and makes direct protein-protein interactions with the TERT (telomere reverse transcriptase) [33] . This observation represented the first direct indication that NMD factors might be at the telomere. The later discovery that UPF1 and essentially all other known NMD factors, bind at the telomere in human cells, strongly reinforced the idea that these proteins have a direct role at telomeres which is independent of a possible function of NMD in the expression of telomeric proteins [35] .
Along with the discovery of NMD factors at telomeres, it was also shown that depletion of multiple NMD factors including UPF1, SMG1 and SMG6 affect the localization of telomeric transcripts at chromosomes ends. Telomeres were believed to be transcriptionally inactive; however, a set of RNA polymerase II transcripts called TERRA (telomeric repeat-containing RNA) have been discovered in human and similar transcripts have been discovered in Schizosaccharomyces pombe [36] [37] [38] . It has also been reported that in vitro TERRAs could inhibit telomerase activity by blocking the TERC (telomerase RNA component) region [39] . Interestingly, the increase in TERRAs at telomeres in NMD-depleted cells occurs without a parallel increase in the level TERRAs in the whole cell. It has therefore been suggested that the role of the NMD factors is to actively displace TERRAs from telomeres rather than decreasing their global level [35] . The key observation to point out is that depletion of UPF1, SMG1 and SMG6 not only increased the concentration of TERRA transcripts at telomeres, but also triggered telomere damage, sometimes leading to complete telomere loss [35] .
The mechanism by which NMD factors affect telomere maintenance is not yet understood. However, the key protein could be UPF1 and the requirement of the other NMD factors, such as SMG1 and SMG6, would be to modulate the function of UPF1 by, for example, phosphorylation. Interestingly, a recent study found that UPF1 is required for leading-strand telomere replication [40] . It was shown that UPF1 localizes at telomeres and interacts with active telomerase and telomeric factor TPP1, which is a component of the shelterin complex [41] . In particular, it was shown that the ATPase activity of UPF1 is essential in preventing telomeric damage, as the depletion of UPF1 leads to incomplete leading-strand telomere replication and leads to the accumulation of DNA damage repair factors at telomeres [40] . Notably, the association of UPF1 with active telomerase also depends on its phosphorylation by ATR.
In summary, the conclusion of these studies is that the telomere defects observed in NMD-deficient human cells might all stem from the fact that UPF1 is at telomeres and, as in inner replication forks, is important for efficient DNA replication.
UPF1 interaction with nuclear proteins
Other than DNA replication, it is possible that UPF1 may have additional roles in nuclear processes that have not yet been discovered. A hint for what these functions might be comes from the analysis of a protein-protein interaction network generated by the bioinformatic tool STRING (Search Tool for the Retrieval of Interacting Genes/Proteins) [42] . STRING is an up-to-date database of known and predicted protein interactions which are pulled from numerous sources, including experimental results from published data and text mining [43] . STRING integrates data from these sources for over 1133 organisms, covering 5 214 234 proteins, making it a valuable and diverse tool to use for mapping protein interactions. As expected, STRING shows that UPF1 interacts with other NMD factors such as UPF2, UPF3 [44, 45] , SMG1, SMG5, SMG7 [23] , SMG8 and SMG9 [13] (Figure 1) . STRING also identifies the well-known interaction with the two eukaryotic peptide release factors, eRF1 (eukaryotic release factor 1; ETF1) and eRF3 (GSPT1). The confidence level of these interactions is over 0.95 (highlighted by bullet points in Table 1 by a number of published experiments. As reviewed above, STRING also identifies UPF1 interactions with telomerase Est1p/EST1A/SMG6; strong interactions are also predicted with exosomal components, as we would expect from published data [46] .
What is particularly interesting is the interaction between DOM3Z and UPF1. DOM3Z is the mammalian equivalent of yeast RAI1 (Rat1-interacting protein 1), which is known to modulate the function of Rat1, a 5 →3 exoribonuclease [47] involved in many nuclear functions including rRNA and snRNA (small nuclear RNA) processing plus polyAdependent and -independent RNA polymerase II transcription termination [48] [49] [50] [51] . Notably, Rat1 in yeast and the homologue XRN2 in human cells were found to contribute to the co-transcriptional degradation of the nascent RNA left after cleavage downstream of the poly(A) site as well as having, at least in yeast, a role in recruiting 3 -end processing factors to the nascent RNA [52, 53] . Given the interaction with Rat1/XRN2, DOM3Z homologues might also be involved in transcription termination. The level of confidence with which STRING predicts the interaction between UPF1 and DOM3Z/RAI1 is 0.998, this high level of confidence is based solely on experimental evidence that emerged from analysis of a two-hybrid protein interaction map of many mRNA decay factors [54] and is very similar to that with which it predicts the well-demonstrated interaction with UPF2 and UPF3 ( Table 1) . The speculation therefore is that UPF1 might have a role in transcription termination and RNA metabolism by interacting directly with DOM3Z/RAI1.
Conclusion
A number of studies have highlighted that UPF1 and other NMD factors have essential cellular functions that are probably NMD-independent. In particular, some studies have reported that UPF1 is involved in DNA replication in human cells and have speculated that other NMD factors, capable of affecting UPF1 function by, for example, phosphorylation, might also be involved in this process. These findings therefore suggest that the lethality associated with mutations or depletion of UPF1 could be mainly due to a failure in DNA replication rather than an indirect consequence of altering the mRNA abundance of genes involved in cell cycle progression and growth. A key issue is whether UPF1 functions in DNA replication in other organisms. Both UPF1 and the p125 subunit of polymerase δ are very well conserved in evolution, from yeast to humans, thus the question is whether this interaction occurs in other organisms and, if not, what is the explanation. We are not aware of any evidence for such an interaction in the many published studies other than those reviewed in the present paper in human and bovine cells. The interactions we have detected within the STRING network, lead us to believe, however, that UPF1 nuclear function is not restricted to DNA replication but it may have a role in nuclear RNA processing. Specifically, the predicted interaction with the RAI1/DOM3Z protein suggests a role in nascent RNA processing and coupled transcription termination, which could indirectly also affect DNA replication [55] . Finally, future studies should also address the important issue as to how much UPF1 is present in the nucleus. Although, UPF1 has been shown to shuttle to the nucleus, the key fact is that it predominantly localizes in the cytoplasm [14, 40] . Lastly, although the data involving UPF1 in DNA replication are compelling, future studies ought to investigate the mechanism by which this is achieved.
